Introduction
Growing evidence suggests that climate warming is affecting the seasonal timing of animal and plant activity. Most evidence is from Europe, where long-term studies have documented earlier spawning in amphibians (Beebee 1995) , earlier breeding in songbirds (Crick et al. 1997) , changes in the body size and condition of ungulates (Post et al. 1997) , and an extended growing season for plants in northern latitudes (Keeling et al. 1996; Myneni et al. 1997 ).
Less evidence is available for North America. Reports from the United States suggest phenological changes in a variety of springtime events (Bradley et al. 1999) , earlier reproduction in birds (Brown et al. 1999; Dunn & Winkler 1999) , and earlier spring arrival dates among birds and spring emergence dates among mammals and wildflowers (Inouye et al. 2000) . But evidence, either positive or negative, of a biotic response to climate change has been lacking for much of eastern North America.
We report on a study of amphibian breeding patterns and temperature change over the last century near Ithaca, New York, in the northeastern United States. We studied the timing of frog breeding because amphibians in temPaper submitted January 11, 2000; revised manuscript accepted November 11, 2000. perate regions represent highly sensitive indicators of biotic response to climate change. Gametogenesis occurs during winter for species that breed in early spring, or it occurs following emergence during early spring in summer breeders, and threshold minimum temperatures also control migration to breeding areas (Beebee 1995) . Our study is based on a synthesis of data from three independent studies conducted, fortuitously, at the same location:
(1) a detailed study of frog-breeding patterns conducted from 1900 to 1912 by Albert Hazen Wright in the vicinity of Cornell University ( Wright 1914) , (2) more recent records from 1990-1999 of frog-breeding activity in the Ithaca area recorded during the New York Amphibian and Reptile Atlas project, and (3) long-term records of daily temperatures for Ithaca.
Methods
We analyzed temperature records collected at Ithaca to test the null hypothesis that mean temperatures during periods of the year critical to amphibian gametogenesis were unchanged between 1900 and 1999. Daily maximum temperatures, averaged by month, were obtained from the New York Climate Office and Northeast Regional Climate Program. Magnitude and significance of trends in temperature data over the century were assessed with least-squares regression (Zar 1984) .
Data on frog-calling phenology for 1900-1912 were assembled from a detailed study by Wright (1914) describing the breeding phenology of frogs and toads within a 4.8-km radius of the Cornell University campus. The records were made by Albert Hazen Wright, an instructor in zoology at Cornell University, who reportedly visited ponds and marshes daily throughout the study area each spring to determine dates of first appearance, first "voice" or calling, first spawning, and transformation for all anurans. Wright's data were compared with first-calling records collected by volunteers on selfdirected surveys conducted for the New York State Amphibian and Reptile Atlas Project, a 10-year survey to document the geographic distribution of New York State's herpetofauna, which began in 1990 and ended in 1999. We examined vocalization records because they were the most directly comparable phenophase shared between the Wright and atlas data.
We selected atlas records for Tompkins County, which includes Ithaca, and for Schuyler and Cortland Counties, which lie at the same latitude and adjacent to Tompkins County, to yield a minimally sufficient sample ( Ն 5 records per year for Ն 5 years) for six of the eight species studied by Wright. The species compared were (1) the American toad ( Bufo americanus [Wright's B. lentiginosus ]), a mid-spring, short-term breeder in ponds, pools, ditches, lakes, meadows, and marshes; (2) the spring peeper ( Pseudacris crucifer [Wright's Hyla pickeringii ] ), an early-spring breeder with prolonged breeding activity that is most abundant in wooded areas near ponds or swamps; (3) the wood frog ( Rana sylvatica ), an explosive, early-spring breeder that primarily uses temporary pools; (4) the bullfrog ( Rana catesbeiana ), a prolonged, late-season (mid-summer) breeder in warmer shallows of permanent waters; (5) the gray treefrog ( Hyla versicolor ), a prolonged, mid-spring breeder in semipermanent ponds, including swamps and beaver meadows; and (6) the green frog ( Rana clamitans [Wright' s Rana clamata ]), a prolonged late-spring to early-summer breeder in permanent waters, particularly lakes and marshes.
Calendar dates from both studies were first converted to Julian dates for statistical analysis. The mean difference between all possible combinations of Wright's 1900 Wright's -1912 "first-voice" dates and the atlas's 1990-1999 dates of first reported vocalization was then calculated for each species. We estimated statistical significance by comparing the observed difference in first-calling date with a null distribution of differences obtained by randomizing all dates 500 times (cf. Manly 1991) . For the wood frog, Wright (1914) reported (for unknown reasons) only an average first-calling date for 1900-1911. Therefore, to test for changes in calling phenology of the wood frog, we constructed a confidence interval about the mean first-vocalization date for 1990-1999 to determine whether it included the average date reported by Wright. Significance tests of changes in calling phenology were one-tailed because changes in temperature in the area indicated that the only reasonable expectation would be a tendency toward earlier calling in frogs.
Results
Mean maximum daily temperatures increased ( p Ͻ 0.10) on average by 1.0-2.3 Њ C between 1900 and 1999 during 6 months of the year (Table 1) . Five of these months fell within the critical 8 months of amphibian gametogensis (overwintering, emergence, courtship, and spawning), which extend November through June for anurans in the area. No month showed a decline in mean maximum daily temperatures (Table 1) .
Four of the six species of anurans examined shifted their first calling activities to earlier dates over this century. Mean differences in first calling dates between 1900-1911 versus 1990-1999 were negative and different from zero for the spring peeper, wood frog, gray treefrog, and bullfrog (Table 2) . First calling dates for green frogs and American toads remained unchanged. No species shifted to later calling. There was no relationship between average initial first calling date (1900) (1901) (1902) (1903) (1904) (1905) (1906) (1907) (1908) (1909) (1910) (1911) (1912) and change in mean calling date across species ( r ϭ 0.20, p Ͼ 0.50), suggesting no tendency for the earliest breeders to exhibit the greatest change in calling phe-nology. Finally, a regression of change in calling date versus the mean number of atlas records available per year, made to test whether shifts in calling phenology could be simply an artifact of increased sampling intensity during the later survey, indicated no relationship across species ( r ϭ 0.06, p ϭ 0.49).
Discussion
This synthesis of historical and contemporary monitoring data on climate and amphibian breeding patterns near Ithaca, New York, suggests that climate has warmed substantially in the area over the past century and that several species of anurans have shifted their breeding patterns accordingly. Shifts in breeding phenology could not be conveniently ascribed to early versus late breeders, although the earliest breeders, wood frogs and spring peepers, showed the strongest shifts to earlier calling dates. The latest breeder, the bullfrog, also showed a shift to earlier calling, perhaps owing to its tendency to delay the initiation of calling following emergence until the waters associated with the permanent ponds in which it breeds have warmed sufficiently. No association was obvious between shifts in calling phenology and taxonomic affiliation, between explosive versus prolonged breeding, whether calling occurs immediately upon emergence or is delayed, or whether breeding occurs in temporary versus permanent wetlands. Temperature is the primary driver of seasonal patterns of emergence and reproduction in anurans, particularly temperate-zone species (Duellman & Trueb 1986) , with other factors, such as photoperiod (Pancharatna & Patil 1997) , playing an inconclusive role. Thus, it remains unclear why certain species in our study shifted calling patterns whereas others did not.
Some potential biases are inherent in our comparisons among these disparate data sets. An important one relates to the geographical areas used in the earlier and later comparisons of frog-calling phenology. Wright's data were from the Cornell campus and surrounding vicinity, an area of about 75 km 2 , whereas the atlas data were drawn, to assemble a minimally adequate sample, from a three-county area of about 3626 km 2 that surrounded Wright's study site. A larger sample area could result in more variation in reported calling dates and hence a tendency to record earlier dates each year. We found no relationship, however, between sampling intensity and change in first calling date. Furthermore, a systematic bias in sampling across differently sized areas would be reflected in a consistent shift in calling phenology across all species, a pattern not observed. A major bias likely does underpin the objectives for collecting frog-calling records during the two surveys. Wright's stated objective was to detect the earliest events in the breeding cycles of anurans each year, and he tailored his field methods accordingly. Atlas volunteers had no such motivation; they were active throughout the warm season and reported contacts with calling frogs whenever they might occur. But we expect this bias in observer motivation to act against finding earlier dates within the atlas data. Thus, we conclude that the shifts we observed in first-calling dates could be underestimated.
It is difficult to predict the long-term effects that gradually warmer temperatures might exert on local populations of anurans. Frogs are remarkably opportunistic breeders, and most of the species examined occur within central portions of their breeding ranges and not at critical thermal minima or maxima on range borders. Other species in the area, however, might be more strongly affected. For example, the mink frog ( Rana septentrionalis ) reaches the southern limit of its range some 150 km north of Ithaca, a limit likely associated with fungal in- first-calling dates, 1900-1912 versus 1990-1999. c 
Determined through randomization tests (see methods).
fections of egg masses that occur in association with elevated water temperatures (Hedeen 1986) . Mink frogs would be expected to show predictable, local declines if local climate warming continues.
We compared only first-calling dates in our study; it would be particularly valuable to track frog-breeding patterns in more detail in the Ithaca area. A localized monitoring program tailored closely to Wright's (1914) methods would be useful. In particular, Wright recorded data on several other phenophases (spawning, hatching, and transformation) that, if examined, could provide a more comprehensive understanding of changes potentially occurring in amphibian breeding. That said, many of the wetlands surveyed by Wright are now destroyed or severely altered by expansion of the Cornell University campus and urbanization of Ithaca, thereby limiting the opportunity for a direct comparison of changes in the breeding phenology of frogs in the area.
